An estimated 25%-40% of infertile men have idiopathic infertility associated with deficient sperm numbers and quality. Here, we identify the membrane-anchored serine protease PRSS21, also known as testisin, to be a novel proteolytic factor that directs epididymal sperm cell maturation and spermfertilizing ability. PRSS21-deficient spermatozoa show decreased motility, angulated and curled tails, fragile necks, and dramatically increased susceptibility to decapitation. These defects reflect aberrant maturation during passage through the epididymis, because histological and electron microscopic structural analyses showed an increased tendency for curled and detached tails as spermatozoa transit from the corpus to the cauda epididymis. Cauda epididymal spermatozoa deficient in PRSS21 fail to mount a swelling response when exposed to hypotonic conditions, suggesting an impaired ability to respond to osmotic challenges facing maturing spermatozoa in the female reproductive tract. These data suggest that aberrant regulation of PRSS21 may underlie certain secondary male infertility syndromes, such as ''easily decapitated'' spermatozoa in humans. decapitated sperm, easily decapitated sperm, epididymis, fertilizing ability, male reproductive tract, PRSS21, serine protease, sperm, sperm maturation, testisin
INTRODUCTION
The acquisition of sperm-fertilizing ability that occurs during epididymal maturation is critical for male fertility. Infertility affects up to 10% of human males, with the vast majority of cases due to insufficient sperm production and deficiencies in sperm quality [1] . Although spermatozoa are structurally developed in the testis, they are dependent on passage through the epididymis to acquire fertilization capability [2] . During epididymal transit, spermatozoa are functionally and morphologically matured to enable progressive motility and the ability to undergo capacitation, the series of biochemical and physiological changes that occur in sperm while in the female reproductive tract that are necessary for fertilization [3, 4] . These processes are dependent on a specialized luminal fluid microenvironment for maturing sperm along the entire epididymal duct and on changes in the spermatozoon, including the remodeling of the sperm plasma membrane.
Many molecular changes that occur during sperm maturation involve structural proteins, surface receptors, hormones, cytokines, water and ion channels, and extracellular matrix proteins, the activity and availability of which would be regulated by proteases [5] [6] [7] . As spermatozoa transit the epididymis, a number of sperm proteins are proteolytically processed to their mature forms [8] , although to date, most of the specific proteases that are involved are unknown. A large number of tryptic serine proteases are present throughout the male reproductive tract [9] . These enzymes are distinguished by a catalytic triad of histidine (His), aspartate (Asp), and serine (Ser) residues in the active site, which are necessary for proteolytic activity [9] . The tryptic serine proteases also exhibit preference for cleavage of peptide substrates after basic (Arg/ Lys) amino acids [5] . Substantial indirect evidence exists for the participation of tryptic serine proteolytic activities throughout spermatogenesis [10, 11] and during fertilization [12] [13] [14] [15] [16] [17] [18] , suggesting multiple roles for these enzymes in the regulation of sperm development and function. The acrosomal serine protease, acrosin, was long considered to be critical for fertilization by mediating limited proteolysis of the oocyte zona pellucida (ZP), the extracellular matrix surrounding the oocyte, required for sperm penetration. However, acrosin deficiency in mice did not prevent fertilization [18, 19] , and penetration of acrosin-deficient sperm through the ZP could still be inhibited by a competitive inhibitor of trypsinlike serine proteases, p-aminobenzamidine (pAB) [14] .
These data suggest that additional serine proteases play important roles in the regulation of male fertility. We and others previously identified PRSS21 (also referred to as testisin, esp-1, tryptase 4, and TESP5 [20] [21] [22] [23] [24] [25] ) as a tryptic serine protease abundantly expressed by male germ cells and sperm [20, 22] , which is also present in capillary endothelial cells [26] and in eosinophils [21] . The gene (PRSS21) belongs to a distinct family of genes on the syntenic regions of human chromosome 16p13.3 and mouse chromosome 17 [22] [23] [24] 27] that includes genes encoding the serine proteases, prostasin, ctryptase, and pancreasin, each containing a hydrophobic peptide domain at their carboxy terminus [28] . PRSS21 is posttranscriptionally modified by the addition of a carboxyterminal glycosylphosphatidylinositol membrane anchor [24] . Importantly, PRSS21 is pAB inhibitable and present within lipid rafts on the sperm plasma membrane [24] , suggesting it may participate in sperm-egg interactions required for fertilization.
Here, we show that PRSS21 imparts epididymal sperm maturation and fertilizing ability to mammalian spermatozoa. Mutant mouse sperm lacking PRSS21 display several functional abnormalities, including an increased tendancy toward decapitation, heterogeneity in sperm form and angulated flagella, decreased numbers of motile sperm, and abnormal sperm volume regulation, all contributing to a decreased ability to fertilize oocytes. Defects occur during epididymal transit, suggesting an essential requirement for PRSS21 during sperm cell maturation processes required for fertilizing ability. Mice lacking PRSS21 further demonstrate reduced male fertility in short-term fertility studies. Collectively, these data provide developmental evidence specifically linking PRSS21 to the maturation and function of mammalian spermatozoa, opening new possibilities for our understanding of mammalian secondary fertility syndromes.
MATERIALS AND METHODS

Human Tissues
Deidentified human tissues were obtained from the National Institute of Child Health and Human Development Brain and Tissue Bank for Developmental Disorders at the University of Maryland School of Medicine under ethics protocols approved by the University of Maryland Institutional Review Board.
Immunoblot Analysis
Human and mouse tissues were disrupted in lysis buffer containing 1% Nonidet P-40. Cleared lysates were separated on a 4%-12% NuPAGE Bis-Tris Gel (Invitrogen), transferred to polyvinylidene fluoride, and immunoblotted using a monoclonal antibody raised to recombinant human PRSS21 (testisin; DD-P104 C37; diaDexus Inc., South San Francisco, CA) that detects both human and murine PRSS21 proteins. Protein concentrations were determined by the Bio-Rad assay. Antibody bound to the membrane was detected with horseradish peroxidase-conjugated goat anti-mouse antibody, with subsequent development using chemiluminescence (Supersignal; Pierce). As a control for loading, blots were stripped and reprobed with an anti-b-actin antibody (Santa Cruz Biotechnology).
Histopathology, Immunohistochemistry, and Electron Microscopy
For histopathological analysis of mice, organs were weighed and then fixed in 4% paraformaldehyde or Bouin fixative overnight prior to paraffin embedding. In some cases, animals were administered a lethal dose of anesthesia, and tissues were fixed by whole-body perfusion prior to tissue removal. The University of Maryland School of Medicine Institutional Animal Care and Use Committee approved all animal care and experimental procedures. Deparaffinized sections were stained with hematoxylin and eosin, or toluidine blue for light microscopic analysis to highlight cytology. Systematic morphological comparisons of the mouse testes were performed according to the criteria outlined by Oakberg [29] as modified in Russell et al. [30] . For immunohistochemistry, sections were deparaffinized and immersed in methanol containing 0.3% H 2 O 2 for 30 min to exhaust endogenous peroxidase activity. After thorough washing, the sections were preincubated with 10% horse serum, followed by anti-PRSS21 (testisin) monoclonal antibody (DD-P104 C37) at 8 lg/ml for 1 h at room temperature. After washing in PBS, biotinylated anti-mouse immunoglobulin G was applied for 30 min at room temperature. The sections were washed thoroughly in PBS before incubation in Vectastain ABC reagent (Vector Laboratories, Burlingame, CA) for 30 min at room temperature. Sections were developed by incubation in 0.05% 3,3 0 -diaminobenzidine in Tris-HCl, pH 7.4, buffer with H 2 O 2 as substrate. After washing in water, the sections were lightly counterstained with Mayer hematoxylin. Negative controls were stained as above but with PBS substituted for the primary antibody.
For transmission electron microscopy (TEM), tissue blocks were postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer containing 1.5% potassium ferrocyanide and were embedded in epoxy resin. Sections (1 lm) were stained with toluidine blue for light microscopy evaluation and photography prior to making ultrathin sections that were stained with uranyl acetate and lead citrate. The TEM photographs were made with a Hitachi H-800MU electron microscope.
Sperm Analyses
Male mice (10-12 wk old) were anesthetized, and the cauda of the epididymis was removed and placed in a 30-mm Petri dish containing WBB, which consists of 0.5 ml of prewarmed Whitten bicarbonate (WB) medium (109 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 22 mM NaHCO 3 , 5.5 mM glucose, 0.23 mM sodium pyruvate, 4.8 mM calcium lactate, 0.01 mg/ml gentamycin, and 0.001% phenol red; pH 7.4) plus 15 mg/ml bovine serum albumin (BSA). The osmolality of WBB is ;280 mmol/kg and is hypoosmotic relative to the cauda of murine epididymis (;410 mmol/kg) [31] . Sperm were released by a gentle nicking of the epididymides and incubated for 15 min at 378C in 5% CO 2 . Tissue was then removed, and sperm-containing supernatant was collected. Counts of total recovered spermatozoa were obtained by rendering an aliquot of spermatozoa immobile by submersion in a 658C water bath for 2 min, and spermatozoa counted were determined using a hemocytometer after trypan blue staining.
For quantitative analysis of spermatozoa morphology, spermatozoa were released from nicked caput or caudal epididymides into HS media (135 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 30 mM HEPES, 10 mM glucose, 10 mM lactic acid, and 1 mM pyruvic acid; pH 7.4) and incubated for 15 min at 378C, and glutaraldehyde was added immediately to 5% final volume. Documentation of spermatozoa head and tail morphologies was performed by counting at least 200 recovered intact spermatozoa per animal by phase-contrast light microscopy. The spermatozoa were assessed as linear, angulated (bent greater than 908 or hairpin), or headless. Some morphological assessments were performed by drying spermatozoa-containing droplets (5 ll) on Superfrost slides (Fisher Scientific), fixing in cold methanol, and assessing structures using phase microscopy.
For quantitative assessment of sperm motility, cauda spermatozoa were released from nicked caudal epididymides into HS media plus 5 mg/ml BSA for 15 min at 378C, and a sample was loaded onto a Cell-Vu Counting Chamber (Millennium Sciences Corp., New York, NY) prewarmed to 378C. Sperm motilities, assessed by counting the number of intact sperm that were inactive, active but with no forward velocity, or active with forward velocity, were characterized as immotile, nonprogressive, and progressive, respectively, in a given field of view, with a total of 200 spermatozoa counted per animal. Headless sperm (flagellating tails alone) or separated sperm heads were not counted in these analyses. Motility characteristics were analyzed by computerassisted sperm analyses of caudal spermatozoa released after a single nick for 3 min at 378C into PBS (137 mM NaCl, 2.7 mM KCl, and 10 mM phosphate buffer; pH 7.4) plus 15 mg/ml BSA using an IVOS Spermatozoa Analyzer (Pathology Associates, Frederick, MD). The following kinematic parameters were measured: the vigor of movement, the average path velocity (VAP), the speed of forward progression, the amplitude of lateral head displacement, beatcross frequency, and linearity of swim path.
In Vitro Fertilization
Oocytes were isolated from the oviducts and cumulus cells of superovulated (SOV) female, 2-to 4-mo-old 129/Sv mice at 16 h after human chorionic 922 gonadotropin (hCG), and they were removed into M2 medium, pH 7.4, supplemented with 2 mg/ml hyaluronidase. Isolated and washed caudal epididymides from adult Prss21 À/À or wild-type littermates (approximately 5 mo old) were nicked and spermatozoa released into WB for 15 min at 378C. Washed spermatozoa were capacitated in WBB for 90 min at 378C in 5% CO 2 . Equal numbers of wild-type and knockout (KO) spermatozoa (10 000 in 50 ll) were added to a 200-ll microdroplet containing 10-12 eggs in KSOMþAA medium, pH 7.4 (Specialty Media). Oocytes were exposed to spermatozoa for 3 h, after which point they were washed and transferred to fresh media, where they were cultured at 378C and 5% CO 2 under equilibrated mineral oil. Eggs were examined after 24 h for the development of two-cell-stage embryos.
Spermatozoa Protein Phosphorylation
Caudal epididymal spermatozoa (1 3 10 6 of each genotype) were recovered in noncapacitating buffer (HS) or capacitating buffer (WBB) and incubated for the times indicated before the spermatozoa were recovered and the proteins extracted in lysis buffer and subjected to SDS-PAGE and immunoblotting using anti-phosphotyrosine antibody (Clone 4G10; Upstate Biotechnology Inc.) [32] or anti-phosphoserine/threonine antibody (Cell Signaling Technology) [33] .
Measurement of Spermatozoa Volume by Light-Scatter Flow Cytometry
Spermatozoa cell volumes were measured by light-scatter flow cytometry as described previously [31] . Immediately (within 2 min) or 30 min after dispersion of spermatozoa in WBB at 378C, an aliquot of the spermatozoa suspension (approximately 2 3 10 6 to 10 3 10 6 spermatozoa per milliliter) was diluted into the same media (without BSA) containing 3 ll of propidium iodide (PI) stock (0.5 mg/ml). Each spermatozoa sample was analyzed by flow cytometry under laser excitation at 488 nm (FACScan; Becton Dickinson). With cellular debris and aggregates gated out, forward-and side-scatter signals of the PI-negative cells were collected. Results are given in units of forward scatter (channel number) directly as measured and percentage of total spermatozoa.
Mating and Fertility
Male fertility was evaluated in postpubertal mice at approximately 10-20 wk. Continuous mating involved multiple inseminations during the course of several weeks. Short-term mating studies were performed using wild-type or Prss21 À/À littermates (two groups of each genotype, with six mice in each group), each housed with two C57BL6/J female mice. The female mice were monitored twice daily for vaginal plug formation, at which time they were removed and monitored separately for pregnancies.
In Vivo Fertilization
Immature female 129/Sv mice were superovulated with 5 units of equine chorionic gonadotropin (Sigma) followed after 47 h by 5 units of hCG (Sigma). Immediately after the injection of hCG, female mice were mated with agematched mice of each genotype. The next morning, female mice with vaginal plugs were removed from cages. Oocytes from females were removed from the uterus 3.5 days after hCG injection by using M2 medium, pH 7.4, supplemented with 2 mg/ml Type IV-S hyaluronidase (Sigma). Zygotes were examined for evidence of fertilization as determined by the presence of cell division and/or blastocyst formation.
Statistical Analyses
Student t-test was used to compare averages of normally distributed data with equal variance. Chi-square analysis was used for analysis of frequency distributions. The nonparametric Mann-Whitney rank sum test was used for the difference between medians in two groups. A threshold of P , 0.05 was considered significant. All tests were two tailed.
Supplemental Material
Supplemental Data include Supplemental Experimental Procedures and Supplemental Figures S1 and S2 (available online at www.biolreprod.org).
RESULTS
PRSS21 Is a Human Sperm Protein
We originally reported that PRSS21 was highly expressed in human testis and specifically present in the cytoplasm and on the plasma membrane of premeiotic human spermatocytes, but not detected after the first meiotic division [20] , whereas mouse PRSS21 was strongly present in postmeiotic spermatogenic cells [22] and is found on maturing sperm [24] . Our data were obtained using antibodies generated against peptides encoded by human PRSS21 and murine Prss21 cDNA sequences. Having now available monoclonal antibodies generated against the full-length recombinant human PRSS21 protein [34] , which detect both human and murine PRSS21 species, we reexamined PRSS21 expression in both humans and mice by immunostaining and Western blotting. Immunostaining of human testis tissue for PRSS21 using the anti-PRSS21 monoclonal antibody revealed specific PRSS21 staining on human spermatids throughout human spermatogenesis (Fig. 1, A-C) , similar to its expression during murine spermatogenesis ( Fig. 2A) [22] . Further confirmation of the presence of PRSS21 on mature human sperm was seen by immunoblot analysis, where the approximately 38-to 43-kDa PRSS21 protein was present both in human testes and in human ejaculate sperm (Fig. 1D ). An as yet undefined posttranslational modification of human PRSS21 occurs in both human and mouse sperm compared with testis (resulting in a slightly faster migrating band), which has been reported previously in mice [24] . That PRSS21 remains present on human spermatogenic cells and mature sperm similarly to its expression in mice [22] and rats [35] suggests a similar function among these mammalian species.
Targeted Disruption of PRSS21 in Mice
To investigate PRSS21 function during male reproduction, we produced Prss21-null mice through disruption of the Prss21 coding sequence by homologous recombination (detailed in Supplemental Experimental Procedures and Supplemental Fig. S1 ). Wild-type (þ/þ), heterozygous (þ/ À), and null (À/À) F(2) progeny were born at the expected Mendelian ratio of 1:2:1, respectively (n ¼ 391; data not shown), indicating that PRSS21 is not essential for mouse development. All studies reported here were performed using age-matched littermates generated through heterozygous crosses. The Prss21 À/À mice appear to develop normally and have developed no identifiable behavior abnormalities or obvious adverse phenotype. Weight gain of heterozygous and null mice occurred at a rate indistinguishable from that of wild-type littermates (data not shown). Examination of major organs and evaluation of blood cell counts and blood chemistries further revealed no significant differences due to PRSS21 deficiency (data not shown). Testes and epididymal weights of Prss21 À/À , heterozygous, and wild-type mice were similar (data not shown).
Abnormalities in Luminal Prss21
Detailed immunohistopathological analyses of Prss21 À/À and wild-type testes revealed that even though PRSS21 is expressed within the seminiferous epithelium during all stages of spermatogenesis ( Fig. 2A) , no obvious abnormalities associated with testicular male germ cell development were identified in the Prss21 À/À mice. Spermatogenesis appeared normal, and all stages of spermatogenesis were present (Fig.  2B and data not shown) . In the epididymis of wild-type mice, PRSS21 staining was associated with the luminal spermatozoa from the caput through the corpus to the cauda regions of the epididymal tracts (Fig. 2, C-E) , as well as spermatozoa present in the vas deferens (Fig. 2F) . Specifically, PRSS21 antibodies stained the cytoplasmic droplet of epididymal spermatozoa, as well as the midpiece and neck (Fig. 2E, inset) , as has been reported previously [24] . Although spermatozoa present in Prss21 À/À caput epididymis were mostly normal (Fig. 2G ), abnormalities appeared with the entry of Prss21 À/À spermatozoa into the cauda epididymis, beginning in the lumen of the corpus epididymis (Fig. 2H) and continuing through passage to the cauda epididymis and vas deferens (Fig. 2, I and J). The Prss21 À/À cauda epididymides contained a number of morphologically abnormal spermatozoa mixed with normal spermatozoa, and they did not show the tightly organized and directional alignment of cauda spermatozoa bundles typical of highly concentrated spermatozoa of their wild-type littermates (Fig. 2, K and L vs. M and N) . These mutant spermatozoa were characterized by abnormally curled tails and random orientation of the heads and tails (Fig. 2, M and N,  arrows) .
The TEM analysis of Prss21 À/À epididymides revealed numerous abnormalities in luminal Prss21 À/À caudal spermatozoa. These consisted of curled tails, abnormally shaped heads, round bodies, and fused tails (Fig. 3, D and E compared with A-C). In addition, a significant number of spermatozoa heads present in the lumen of the Prss21 À/À caudal epididymides appeared detached from tails. In contrast, spermatozoa present in caput epididymides of Prss21 À/À mice appeared relatively normal (data not shown). Collectively, these data indicate defective maturation of luminal spermatozoa during passage through the epididymis [31, [36] [37] [38] [39] . To investigate the impact of the observed abnormalities in epididymal sperm maturation on sperm attributes, functional analyses were performed on cauda spermatozoa from Prss21 À/À and wild-type epididymides released under standard conditions into hypotonic culture media. We noted that the counts of intact, viable cauda spermatozoa released from Prss21 À/À cauda epididymides were consistently ;30% lower than the counts recovered from the wild-type counterparts (Fig. 4A) , requiring additional numbers of Prss21 À/À mice to obtain equivalent sperm numbers. The reduction in numbers of Prss21 À/À released spermatozoa could not be accounted for by germ cell loss during spermatogenesis or loss of spermatozoa numbers during epididymal transit (Supplemental Fig. S2 ). Microscopic inspection of the cauda spermatozoa released from Prss21 À/À and wild-type epididymides revealed that a high percentage of spermatozoan heads only (without tails) were present on the 
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bottom of the culture dish, indicative of enhanced decapitation in the Prss21 À/À spermatozoan population (Fig. 4B) . Glutaraldehyde fixation of released Prss21 À/À and wild-type spermatozoa showed the Prss21 À/À population to be heterogeneous and highly variable, associated with a distinct ragged appearance, angulated tails, and hairpin conformations (Fig. 4C) . Quantitation of caudal spermatozoa morphologies (Fig. 4D, left) revealed that less than 20% of the Prss21 À/À spermatozoa possessed a normal linear conformation typical of caudal spermatozoa, with a vast majority showing an aberrant bend (angular) shape (;52%) or separation of heads from tails (;30%). The reduced counts of viable Prss21 À/À caudal spermatozoa may be explained by these morphological abnormalities and the increased tendency for decapitation.
In contrast to cauda spermatozoa, spermatozoa released from Prss21 À/À caput epididymides appeared morphologically similar to their wild-type couterparts (Fig. 4D, right) , consistent with their normal appearance by histological analysis (Fig. 2G) and supporting the notion that maturation defects in Prss21 À/À luminal spermatozoa occur during passage through the epididymis.
Prss21 À/À Cauda Spermatozoa Display Reduced Motility and Decreased Fertilization Capabilities
Quantitative motility assessment of recovered intact cauda spermatozoa revealed significantly fewer numbers of spermatozoa exhibiting flagellar movement in the Prss21 À/À population (;40%; Fig. 5A , left) compared with wild-type littermate controls. Of the motile spermatozoa subpopulation, only ;50% of the Prss21 À/À spermatozoa demonstrated progressive motility in a forward direction (Fig. 5A, right) . Kinematic analysis of the population of Prss21 À/À spermatozoa exhibiting progressive motility did not reveal any significant abnormalities in motility characteristics (e.g., straight line velocity, curvilinear velocity, and VAP) compared with wild-type littermate controls (data not shown). The fertilization competence of Prss21 À/À spermatozoa compared with their wild-type counterparts was addressed by in vitro fertilization experiments. Wild-type and Prss21 À/À caudal spermatozoa were released into capacitating media, and equal numbers of intact spermatozoa of each genotype were exposed to mature, ZP-intact oocytes for 3 h, after which the eggs were washed and transferred to fresh media. Oocyte fertilization, measured by the formation of two-cell embryos after 24 h, occurred at a reduced frequency with Prss21 À/À spermatozoa compared with wild-type littermate controls (39% vs. 61%; Fig. 5B ). These data indicate a reduced ability to initiate fertilization.
Sperm functions required for fertilization competence, the initiation of sperm motility, capacitation, and the acrosome reaction are critically regulated though the phosphorylation of specific proteins [4, [40] [41] [42] [43] [44] . Protein serine/threonine phosphorylation in mammalian sperm is considered to play an important role in the initiation and maintenance of sperm motility [33, [45] [46] [47] . In addition, tyrosine phosphorylation is strongly associated with the onset of sperm motility and 
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capacitation [45, 46, 48, 49] . Wild-type cauda spermatozoa released into noncapacitating or capacitating media display a typical induction of protein serine/threonine and tyrosine phosphorylation (Fig. 5C ) [50] [51] [52] . Prss21 À/À cauda spermatozoa show substantially reduced serine/threonine phosphorylation and capacitation-associated tyrosine phosphorylation (Fig. 5C ), consistent with a blunted fertilization capability in the Prss21 À/À population.
Luminal Prss21 À/À Spermatozoa Display an Inability to Regulate Sperm Cell Volume Changes A functional attribute acquired during maturation of luminal spermatozoa as they transit the epididymis is the ability to regulate sperm cell volume [53] [54] [55] . Matured caudal spermatozoa released into hypotonic culture medium exhibit cell swelling, mechanisms of regulatory volume decrease (RVD), and other changes required for fertilization competence [56] . Immature caput spermatozoa do not exhibit cell swelling when exposed to hypotonic media. To address the functionality of Prss21 À/À luminal spermatozoa, sperm cell volumes of cauda spermatozoa released into hypotonic media were measured by flow cytometric light-scatter analysis [31, 54, 57] . Upon exposure to hypotonic media, wild-type spermatozoa exhibited an immediate swelling response (within 2 min), reflected in an observed increase in forward light scatter (Fig. 6A ). Sperm swelling was followed by an adaptive RVD response within 30 min (Fig. 6B) due to ion channel activation, a net loss of ions and water, and recovery of normal cell volume [55] . In contrast, Prss21 À/À spermatozoa failed to mount an effective swelling response upon release into hypotonic media (Fig. 6C) , and there was no change after 30 min (Fig. 6D ). These data demonstrate that PRSS21 contributes to the ability of maturing sperm to respond to osmotic challenges, an attribute important for fertilization competence.
Prss21 À/À Male Mice Have a Fertility Defect
When bred by continuous mating, the Prss21 À/À mice displayed apparently normal fertility, and average litter sizes were similar between Prss21 À/À and wild-type male mice (data not shown). To evaluate the specific reproductive performance , P 0.02 Mann-Whitney, two-tailed test).
B) Prss21
À/À spermatozoa show reduced fertilization competence compared with wild-type littermate controls (P 0.05, Mann-Whitney, two-tailed test). Eggs were prepared from SOV female 129/Sv mice and inseminated with capacitated spermatozoa from Prss21 À/À or wild-type adult littermates for 3 h, followed by washing. The percent fertilization was determined by counting two-cell embryos at 24 h after insemination. The total number of oocytes analyzed is given in parentheses above each bar. C) Protein serine/threonine phoshorylation (pSer/Thr) and capacitation-associated tyrosine phosphorylation (pTyr) are decreased in Prss21 À/À spermatozoa. Cauda spermatozoa from Prss21 À/À or wild-type adult littermates were dispersed into noncapacitating (left) or capacitating (right) media for the times indicated. Sperm proteins were analyzed by immunoblotting using anti-phosphoserine or anti-phosphotyrosine antibodies as indicated. Numbers indicate molecular weight standards in kDa. The intense tyrosine-phosphorylated band is hexokinase [32] . Arrows indicate major proteins showing reduced phosphorylation.
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of Prss21 À/À spermatozoa, short-term mating studies were performed. Males of each genotype were paired with virgin C57BL6/J females (one male per two females), and the number of litters produced per plugged female was monitored. No differences in mating behavior or vaginal plug formation were observed between Prss21 À/À and wild-type littermates. However, the Prss21 À/À males demonstrated a significantly reduced number of pregnancies per plugged female (6/24) relative to their wild-type littermates (18/23; P 0.001, chi-square test; Fig. 7A ). To investigate whether this reduced reproductive performance was accompanied by decreased fertilization capabilities, Prss21 þ/þ and Prss21 À/À male littermates were paired with SOV females, and the development of blastocysts was monitored after 3.5 days as an index of fertilization. Although 92.2% (47/51) of eggs developed to blastocysts after SOV females were mated to Prss21 þ/þ males, only 47.6% (39/ 82) of eggs from Prss21 À/À littermates developed to the blastocyst/compacted morula stage (Fig. 7B) . These data show that PRSS21 contributes to sperm function and fertilization capabilities in vivo.
DISCUSSION
The studies presented here reveal a role for the sperm membrane serine protease PRSS21 as a transducer of maturation cues imposed on spermatozoa during epididymal transit that are important for fertilizing ability. In both human and mice, PRSS21 is highly expressed on the surface of round and elongated spermatids of the testis, and it remains associated with the spermatozoa tail throughout the epididymal tract. PRSS21 deficiency in mice had no apparent effect on germ cell development in the testis, but instead led to defective maturation of epididymal sperm, resulting in a lower viable sperm count and and reduced sperm-fertilizing ability. PRSS21 deficiency produced a continuum of epididymal spermatozoa phenotypes ranging from dysfunctional (headless) to apparently normal motile spermatozoa. Morphologically, the spermatozoa population contained multiple abnormalities, with a ragged appearance and a substantial proportion of hairpinlike structures. Fertilizing ability was reduced, as reflected in reduced blastocyst formation both in vivo and in vitro, reduced capacitation capability, and impaired ability to respond to hyperosmotic challenge. 
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As mammalian spermatozoa traverse the epididymis to their site of temporary storage in the cauda, they encounter a progressive increase in osmotic fluids along its length to reach a level that is hyperosmotic relative to serum (;410 mmol/kg in the mouse), which is maintained in the cauda epididymis [55, 58] . The difference in osmotic pressure between the epididymal and uterine lumina necessitates an adjustment in cell volume as spermatozoa enter the relatively hypotonic female tract, which initiates diverse signaling mechanisms required for fertilization competence [55] . The absence of a rapid swelling response of released Prss21 À/À cauda spermatozoa upon exposure to hypotonic media reflects a compromised ability to regulate sperm cell volume in the face of osmotic challenge.
This study expands our understanding of how sperm cell maturation is regulated and highlights an unexpected role for a sperm serine protease in this process. Prior studies on the prevention of fertilization by serine protease inhibitors have mostly focused on the acrosome reaction and the possible role of sperm serine proteases on the proteolytic lysis of the ZP during sperm penetration [24, 59] . A recent study by Yamashita et al. [60] identified a role for PRSS21 in spermegg binding and in the ability of sperm to fuse with an egg in vitro. PRSS21-deficient sperm had reduced sperm-egg binding and reduced ability to fertilize eggs in vitro, which could be partially rescued by exposure of Prss21 À/À sperm to uterine fluids. Here, we identify a critical role for PRSS21 during epididymal sperm cell maturation that has an impact on sperm motility and fertilizing ability. Reduced motility of Prss21 À/À sperm coincides with a reduction in both serine/threonine and tyrosine phosphorylation, events that are associated with the initiation of motility and capacitation of sperm. Our results may suggest another strategy by which PRSS21 may modulate sperm-fertilizing ability. Effective mechanical thrust is critical for sperm penetration of the oocyte ZP during fertilization in both mice and humans [59] . Thus, the combined impact of reduced sperm motility and reduced functional capabilities, secondary to defective epididymal maturation, would account for the reduced fertilization ability of PRSS21-deficient spermatozoa.
PRSS21 deficiency induces significant heterogeneity in the mature sperm population, although a sufficient percentage of Prss21 À/À sperm appear morphologically normal and capable of fertilizing eggs. Remarkably, PRSS21 deficiency is deleterious to the structural integrity of mature sperm, suggesting that PRSS21 participates in a developmental pathway required for the integrity of the sperm head and tail. Similar heterogeneity has been reported as a result of haploinsufficiency of the gene encoding the protein kinase A type 1a regulatory subunit in mice on a mixed 129Sv/J genetic background. The cauda sperm of these mice are fragile, approximately half of them are decapitated, and intact sperm exhibit reduced motility [61] . ''Easily decapitated'' spermatozoa, abnormal morphologies, and hairpin structures are wellrecognized secondary infertility syndromes in both humans and livestock [62] [63] [64] [65] [66] [67] . The sperm phenotypes associated with PRSS21 deficiency in mice suggest that deficiencies in this enzyme either directly or indirectly could account for some cases of male secondary infertility. Whether PRSS21 on the sperm plasma membrane 1) contributes to the maintenance of the hyperosmotic state of luminal epididymal spermatozoa in the epididymis, 2) functions to maintain integrity of the sperm plasma membrane, and/or 3) contributes to mechanisms that control sperm cell volume regulation and/or phosphorylation are important areas for further investigation.
The abnormalities associated with PRSS21 deficiency are unique for a gene encoding a membrane-anchored serine protease, and they are more severe than has been observed in knockouts of other serine protease genes expressed in the male reproductive tract. Inactivation of the genes encoding proacrosin [19] , plasminogen [68, 69] , urokinase-type plasminogen activator, and tissue-type plasminogen activator [70] show no direct deleterious effect on fertility in mice. Genetic deficiency of proprotein convertase 4 (PCSK4), a serine protease expressed in round spermatids, leads to impaired fertility; however, no spermatogenic abnormalities were identified [71] .
The proteolytic capability of PRSS21, its surface membrane localization, and its pattern of expression, may suggest that PRSS21 regulates proteolytic cleavage of a substrate(s) that regulates epididymal sperm maturation. The identity of this substrate is not known. Hepatocyte growth factor, also known as scatter factor, is expressed in the male genital tract and is activated by proteolytic enzymes related to PRSS21; its activation could mediate phosphorylation events through its receptor, MET (c-met), present on epididymal spermatozoa [72] . In addition, epithelial sodium channels (ENaCs), which regulate cell volume changes and fluid balance in other cells [73] , are present in mouse spermatogenic cells and in mature sperm. Several other membrane serine proteases related to PRSS21, including prostasin, matriptase, and murine TMPRSS4, are implicated in proteolytic activation of ENaCs by a mechanism involving regulated release of inhibitory peptides from ENaC subunits [74] . Recent studies show that SCNN1A (ENaC-a) and SCNN1D (ENaC-d) subunits contribute to hyperpolarization of the sperm plasma membrane during capacitation [75] , which is required to render sperm competent for fertilization. Further studies are required to identify PRSS21 target substrates during epididymal sperm maturation and initiation of sperm motility.
Male infertility affects an estimated 6% of human males [76, 77] . Although some cases of male infertility occur as a consequence of anatomical abnormalities, the vast majority of cases are due to low sperm counts and reduced motility of unidentifiable causes [77] . PRSS21 is expressed by human   FIG. 7 . PRSS21-deficient males show reduced male fertility. A) Prss21 À/À mice are subfertile. Wild-type and knockout male littermates (10-20 wk old) were each paired with two C57BL6 females. After plug formation, females were removed and monitored for pregnancies. Pregnancies resulted in females from 78% of wild-type males (n ¼ 23) vs. 25% of knockout males (n ¼ 24); P 0.001, chi-square. B) Prss21 À/À spermatozoa show reduced fertilization capability in vivo. Wild-type (n ¼ 6) and Prss21 À/À (n ¼ 13) male littermates were mated with immature SOV 129/Sv females, and the development of blastocysts was monitored after 3.5 days as described in Materials and Methods. The efficiency of blastocyst formation was monitored as an index of fertilization. Prss21 À/À vs. þ/þ , P 0.05, Mann-Whitney, two-tailed test.
930 male germ cells throughout human spermatogenesis and is highly expressed by human sperm. A better understanding of the molecular mechanisms that regulate PRSS21 and spermfertilizing ability is important not only for treatment of male infertility syndromes, but it may also provide an approach to the development of male contraceptive methods based on interfering with epididymal sperm maturation. PRSS21 deficiency has provided new insight into a novel mechanism that is important for sperm maturation and likely to be of significance to causes of unexplained infertility syndromes in humans.
